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Summary
Measurements of roller skewlng ina 118 mm bore roller

bearing operating at shaft speeds to 12000 rpm are re-
ported.

High speed motion pictures of a modified roller were
taken through a derotation prism to record skewing as the
roller moved through loaded and unloaded regions of the
bearing. Subsequent frame by frame measurement of the
photographic film provided information on roller skewing.
Radial and tangential skew amplitudes of .4 to .5 degrees

were observed with .5 degree misalignment.



Introduction

Rollers in roller bearings may misalign or skew as they
roll between the raceways (1)1. This is controlled by small
3
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a restoring moment at the ends of the roller to restrain the
roller from further skewing. 1In high speed turbine bearings
the skewing and associated rubbing contact can lead to wear
on the roller ends, increased skewing, and eventual failure (2).
In some instances skewing and wear can be so severe that the
roller turns and lodges within the separator pocket (3).

This investigation was undertaken to gather experimental

data for comparison with theoretical predictions of skewing
magnitudes, and also for comparison of one roller bearing
design with future improved designs. The investigation re-
ports skewing behavior of a 1.15 length to diameter ratio
roller in 118 mm bore roller bearings of 0.18 and 0.21 mm
(0.0073 and 0.0083 in.) clearance operating with a 4450 N
(1000 1b) radial load at shaft speeds of 4000, 8000, and 12000

rpm with outer race misalignment of 0, 0.25, 0.5, -0.5 degree.

1Numbers in brackets designate References at end of paper.



Test Bearlngs

Two test bearings were used in the investigation. They
were representative of aircraft gas turbine engine roller
bearings and had -PWA 541043D markings. The bearings' original
out-of-round outer rings were replaced with cylindri-
cal rings having radial clearances of 0.18 and 0.21 mm
(0.0073 and 0.0083 in). These radial clearances were cal-
culated as the difference between the average of the outer
race measured maximum and minimum inner dlameters and the
inner race nominal raceway diameter plus two roller dilameters.
Table I gives dimensions of the bearings used.

Lubrication

While the inner race had grooves for under race cooling
and drilled passages for cage and roller lubrication, these
were not used. 01l was sprayed onto the rollers through two
Jet pipes at a total flow rate of 1.8 x 1073 m3/min (0.47 gpm).
The oil used was a 5-centistoke neopentylpolyol
(tetra) ester. This is a type II oil which conforms to speci-
fication MIL-~-L-23699., Test bearing 1inlet oil was heated and
controlled to 3399K (150°F).

Method of Approach

Roller skewing was measured from photographs of a

modified roller in a bearing operating at shaft speeds to
12000 rpm. Figure la is a schematic of the test shaft
assembly. A 16 mm Fastax WF4 camera was used with synchro-
nized Xenon flash tube illumination to photograph a 32 x 24 mm
(1.25 x .94 in) area of the bearing at up to 8000 frames per
second. The derotation prism apparatus described in ref.
(4-7) was used to maintain thils area centered on the

modified roller and to follow this roller as it orbited
through 360 degrees within the bearing. The



32 x 24 mm (1.25 x .94 in) area photographed in 16 mm format
included a segment of a fixed outer race protractor, a seg-
ment of- an inner racé protractor, a segment of the roller
bearing separator, the modified roller and portions of adja-
cent rollers. Figure 1lb is an enlargement of a data photo-
graph. At the 12000 rpm shaft speed photographs of the modi-
fied roller were obtained at 4 to 5 degree intervals as ob-
served on the outer race protractor. The inner race pro-
tractor permitted cage to shaft speed ratlo determinations.
Two to three hundred photographs could usually be obtailned
before the energy storage capacitors discharged. This per-
mitted photographs of three to four revolutions of the sepa-
rator and roller orblt to be obtained.

Camera speeds of 6000 frames per second were often used
for the 8000 and 4000 rpm bearing speeds with proportionate
adjustments to photographic intervals within the bearing and
number of separator revolutions available for analysis.

The-roller modification to permit frame by frame roller
orientatlon measurements incorporated a 3.18 mm (0.125 in)
diameter x 1.59 mm (0.626 in) deep counterbore recess to
help to identify the roller center in the photographs. A pin
1.27 mm (0.050 in) in diameter by 6.35 mm (0.250 in) in length
is extended out along the roller axls from the roller end.
Figure 2 is a photograph of a modified roller.

In the data photographs, the end of the pin appeared
superimposed on the image of the counterbore. By measuring
radial and tangential distances from the counterbore image
center to the pin image center and dlviding by the pin
length the tangents of the roller orientation angles are
obtained. Measurements were made so that the roller orientation
angles are radially outward from the bearing center and tangent
to the roller path. As the camera axls was oriented along the
bearing center llne the pin image center is always offset
radially on the counterbore image by the "camera angle".

The radial roller skew angle appears superimposed on the
constant camera angle. Radlal and tangential roller skew



angles are thus obtained as a function of roller location
within the bearing.

Film Measurement and Error Estimation

A Vanguard Instrument Corporation Motion Analyzer
was used to project the films for frame by frame measure-
ment. A template with concentric circles was used to align
a Gerber Scientific Instruments measuring and digitizing
instrument first on the image of the pin end, and then on the
image of the counterbore. Four digit measurements of the tan-
gential and radial coordinates of the circle centers were
automatically punched on computer cards at each alignment.

A computer program calculated differences, applied scale
factors and prepared output to drive a Calcomp 936 plotter
to graph the data.

An estimate of the uncertainty and possible errors
inherent in the measurement system was obtained by repeatedly
measuring the same film frame. These measurements were
then processed in the same manner as regular data measure-
ments made on frames taken at 5 degree increments of roller
orbit within the bearing. Figure 3 shows the apparent
variation in skew angles due solely to the film measurement
system. The test indicates that the maximum deviation
from the mean of 72 readings was 0.42 degrees. The standard
deviation from the mean was 0.028 degrees in radial skew
and 0.037 degrees in tangential skew. When the test measure-
ments were subjected to the Fourier analysis described under
Results and Discussion, Figure 3F resulted. It may be ob-
served that amplitudes of'up to 0.12 degrees are present.

The limitations of the measurement system'should be consi-
dered in evaluating the roller skew data presented in this

report.



Load and Bearing Misalignment
A 4450 N (1000 1b) load was used throughout most of the

investigation. Thls was applied to the test bearing by a cable

loop over the test bearing as may be seen in Fig. la. The outer
race protractor was positioned so that 0 (360) degrees was
centered under the cable loop. As the derotation prism and
camera vliewed the protractors and bearing the protractor degree

scale increased I1n a clockwise directlon. Due to bearing
clearance rollers entered the loaded zone at about 340°

and left i1t at about 20°.

The misalignment of the outer race relative to the inner
race was measured with a dial indicator on a bar bolted to the
end of the test shaft. The bar was perpendicular to the
shaft center line. Measurements were made by lindicating
on a machined surface of the test bearing housing. This
machined surface of the housing was also perpendicular to the
shaft center line when the zero misalignment cases were set
up. What 1s referred to as positive misalignment in this
report was produced by forcing the housing at 90° towards
the prism and camera while simultaneously forcing the
housing at 270° away from the prism and camera by
turning nuts on studs extending from the test machine frame.
Back-up nuts were kept tight to keep the houslng positively
positioned. The shaft was turned over by hand and indicator
readings writtendown at 45° intervals over a shaft revolution.
Nuts forcing misalignment and back-up nuts were readjusted until
the desired misalignment condition was attalned. Negative
misalignment was produced in a similar fashlion by using the
nuts and studs at 90° and 270° to force the 90° housing
location away from the prism and camera whille forcing the
270° housing location towards the prism and camera.

By adjusting the nuts constraining the housing at 90
and 270 degrees the outer race was pivoted about an axis
through 0 and 180 degrees on the outer race protractor.
Misalignment was maximum at 90 and 270 degrees and minimum
at 0 and 180 degrees. Rollers entered the loaded zone at



about 340 degrees with the misalignment decreasing, passed
the most heavily loaded point at 0 degrees with the raceway
surfaces most nearly parallel, and exited with roller to
raceway contact force decreasing as the roller encountered
increasingly non-parallel raceway surfaces.

While it had originally been proposed to study mis-
alignment of 0, 0.25 and 0.50 degrees, a reversed mis-
alignment of -0.50 degrees was added to the test program
to determine the effect of a reversal of misalignment on
roller skewing behavior and the measurement system.

Test Program and Data Organization

The chronological sequence of tests may be followed
through the dates and film sequence numbers identifying films
and data obtained from the films. Testing began with the
0.21 mm (0.0083 in.) clearance bearing with 0 degree mis-
alignment with films being taken at 4000, 8000, and 12,000
rpm under the 4,450 N (1,000 1b) load. TaHe 2 lists data
presented in the report, and summarizes the organization and
figure identification system for the bearing clearance,
misalignment, and speed cases studied.

As indicated in Table 2, Figures 4 through 7 are results
obtained with the 0.18 mm (0.0073 in.) clearance bearing.
Figures 4a, b, c are data at 0 degree misalignment and
4000, 8000, and 12,000 rpm. Figures 5a, b, c; 6a, b, c;
and 7a, b, ¢ are results at 0.25, 0.50, and -0.50 misalign-
ment. As more than one roller orbit or revolution of the
roller through the bearing could sometimes be read from
the film taken for each of these figures a further number is
added as 5b-1, 5b-2, to identify the revolution or reading
of the film. Figures 8 through 11 show similar information
for the 0.21 mm (0.0083 in.) clearance bearing.

Results and Discussion
To plot radial and tangential roller skew angle simul-
taneously on the same axes without overlap, the camera angle




of about 4.7 degrees was plotted along with the radial

skew angle. The camera angle appears in the data photo-

graphs because the roller center is radially distant

from the béaring-camera center line by the bearing pitch radius.
Radial roller skew motions are superimposed“on the camera angle.

A fast Fourier transform (FFT) program was used to
estimate the frequency components of the data. The FFT
program requires N equally spaced data points and N must be a power
of 2. These data points were obtained by linearly inter-
polating 128 points over the 360 degrees of roller orbit
measured in each film. Plots of tangential and radial skew
angle amplitude absolute value (degrees) as a function of
frequency are presented on pages facing the original data
figures and are numbered with the original figure number
followed by F. Phase (degrees) is also plotted.

Output from the FFT program was manipulated so that the
amplitudes are the square root of the sum of the squares of the
a; and bi coefficients of the Fourier series sine and cosine
terms for each frequency.The phase angles are the arc tangent
of the ai/bi coefficients. Fourier analysis figures are
plotted so the first amplitude is the average value of the
data in the original figure, the second amplitude is the
amplitude of a sine function of 360 degree roller orbit
period, the third amplitude is the amplitude of a sinusoid
of two cycles in the 360 degrees of roller orbit, etc.

The average value of the radial skew data includes the
camera angle. In order tc make this point plot together
with the other roller skew amplitudes of 0.4 degree or less,
this first point was plotted at a tenth of its true value so
that the first radial skew amplitude plotted at 0.47 degrees
indicates an average radial skew plus camera angle of 4.7
degrees.

Figure 4a shows a result obtained with the 0.18 mm
(0.0073 in.) clearance bearing at 0° misalignment and
4000 rpm. It was plotted from 202 frames taken every



1.8 degrees of roller position within its orbit. While

any reading could be in arror by as much as 0.4 degrees,

the errors are probably of the order of 0.04 degrees as
indicated in the-parégraphs on Film Measurement and Error
Estimate. An average skew angle is evidently present along
with amplitudes associated with a number of frequencies.
Figure 4a and 4aF together indicate a tangential skew,
averaging -0.33° over the roller orbit, a one-cycle-per-
orbit skew amplitude of 0.05°, a 2-cycle-per-orbit skew
amplitude of 0.02°9, a 3-cycle-per-orbit skew amplitude of
0.05°, a 4-cycle-per-orbit skew amplitude of 0.13°, an
8-cycle-per-orbit skew amplitude of 0.08°, and a 12-cycle-per-
orbit skew amplitude of 0.28°. The radial skew plots indicate
a camera angle plus.average radial skew angle of 10 times

0.47 or 4.79; 2, 3, 4, and 12-cycle-per-orbit amplitudes

of 0.04, 0.03, 0.02, and 0.31°. 1In view of the 0.12°
amplitude noted in repeated measurements on the same film
frame described under Film Measurement and Error Estimation
amplitudes less than 0.12 may not be significant.

The 12-cycle-per-roller-orbit frequency which appears
strongly in all the data corresponds to the roller fre-
quency as the ratio of outer raceway circumference to roller
circumference is 12.42. This is the roller to cage speed
ratio. This investigator has not been able to make use of
information in the phase angle data.

Figures 4b, and 4c show the effect of increasing speed
at 0° misalignment. The amplitude at 4 cycles per orbit
continues to be evident in the tangential skew, and the
sharp peak at 12 cycles that was evident in Figure 4a broadens
to include 11 and 14 cycles.

Figures 5a, 5b-1, 5b-2, 5¢-1, and 5c¢-2 are results
at 0.25° misalignment. A radial skew amplitude of about
0.18° with a l-cycle-per-roller-orbit frequency is evident
in all of these Figures. Figures 5b-1, 5b-2, 5c¢-1 and 5c-2
show differences in consecutive revolutions. The amplitude
associated with the roller frequency is up to 0.39° in

9



Figure 5a and extends from 11 to 15 cycles-per-roller-orbit
with smaller amplitude in Fig. 5c-2.

Figures 6a, 6b, 6b-2, 6c¢c-1, 6c-2, and 6c-3 show results
with the bearing misaligned by 0.5°. The radial skew
amplitude is 0.33 to 0.430 at one cycle per orbit. The
original data plots resemble a negative sine function.

Radial and tangential skew amplitudes associated with the
roller frequency again appear to broaden in frequency extent
as speed increases. It was not possible to read data beyond
320° in the second roller orbit for Fig. 6b-2, and a Fourier
analysis was not obtained for this figure. Some lower fre-
quency components appear. consistently in the 3 roller orbits
through the bearing that are followed through Figures 6c¢c-1,
-2, and -3. :

Figures 7a-1, 7a-2, 7b-1, 7b-2, 7c-1, and 7c-2 show the
result of a reversed misalignment of 0.5°. Radial skew ampli-
tude are typically 0.47° at one cycle per orbit, and the
original data plots resemble a positive sine function of one
period per orbit. Comparing this one cycle per orbit informa-
tion with the one cycle per orbit radial skew information in
Figures 5 and 6, it seems that the one cycle per orbit radial
skew is the misalignment of the outer race which is being
followed by the roller. A noticeable amplitude in both radial
and tangential skew at 4 cycles per orbit is present in a
number of these figures. It was possible to follow 2 orbits
at each of the 8000 and 12,000 rpm speed cases. There appear

to be differences in roller behavior from orbit to orbit.
Successive revolutions in Figure T7a-1 and 7a-2 differ as the

amplitude of one cycle per orbit radial skew is more apparent

in Figure 7a-2. As the outer ring circumference is not an
integer multiple of the roller circumference, thé roller may

not enter the loaded zone with the same skew angles on successive

revolutions.
Figure 8a, 8b, and 8c show results for the 0.21 mm

(0.0083 in.) clearance bearing with 00 misalignment at
the 4000, 8000, and 12,000 rpm speeds. There appears to be
no significant amplitude at low frequencies, but a skewing
amplitude of 0.19 to 0.26° at the 12 cycle per roller orbit
frequency.

10



Figures 9a, 9b, and 9c¢ show results for the larger
clearance bearing with 0.25° misalignment. There is radial
skew amplitude of 0.1 to 0.23° at one-cycle-per-roller
orbit. Both tangential and radial skew amplitudes of 0.18
to 0.26° are present at the 12 cycles~per-roller orbit
frequency. Some broadening of the 12 cycle appears as
speed increases.

Figures 10a, 10b-1, 10b-2, 1l0c-1l, 10c-2, 1l0c-~-3, and
10c-4 show the effect of 0.5° misalignment. A one-cycle-
per-orbit amplitude ranging from 0.18 to 0.45° is present
in radial skew angle with the original data again resembling
minus sine function. A 1l2-cycle-per-orbit amplitude ranging
from 0.12 to 0.36° is present. The 4000 rpm speed case has
the highest amplitude and most sharply defined 12 cycle
frequency. As speed increases the 12 cycle amplitude seems
to decrease, and broadens to extend to lower frequencies.
Figures 10b-1 and 10b-2 at 8000 rpm show some variation in
consecutive revolutions. Figures 10c-1, 10c-2, 10c-3,10c-4,
10c-5, and 10c-6 at 12,000 rpm Ffurther indicate differences
from revolution to revolution.

Figures 1lla, 11lb-1, 1l1b-2, 1llc-1, 1llc-2, and l1llc-3 show
the result of a reversal of the 0.5° misalignment. Radial
skew amplitudes of 0.39 to 0.55° appear at one-cycle-per-
roller orbit with the original data again resembling a
positive sine function. Tangential and radial skew ampli-
tudes of 0.12 to 0.32° appear to be associated with the roller
frequency. Figure lla appears to indicate there may be a
tangential and radial skew amplitude of 0.12° at 20-to 24~
cycle-per-roller orbit frequency. This may be a 2 times
a roller revolution skewing behavior that could be seen only
in 4000 rpm speed studies as the camera frame rate gives
data at about 2, 4, and 6 degrees of roller orbit at 4000,
8000, and 12,000 rpm shaft speeds. This limits the frequencies

11



observable in the data. This frequency does not appear

as prominently in othef 4000 rpm speed cases. Data from
consecutive revolutions_agaih appears to differ slightly.
Figufes 1lc-2, and 1lc-3 show the effect of missing ffameé

over 90 to 160o of roller orbit. The film was not measureable
over this sector of the bearing, but could provide information
over the rest of the roller orbit. The missing frames are
interpolated as a straight line in the FFT program which

makes the frequency analysis information difficult to

evaluate.

Conclusion
Radial skew amplitudes of 0.4 to 0.5° at the roller orbit
frequency were observed with 0.5° bearing misalignment. Radial
and tangential skew amplitudes of 0.4° associated with the
roller frequency were observed. These generally decreased
in amplitude and extended in frequency at higher speeds.
The 0.21 mm (0.0083 in.) larger clearance bearing generally
had slightly smaller roller skew amplitudes than the
0.18 mm (0.0073 iﬁ.) clearance bearing. Differences in roller
skewing are apparent in successive orbits of the roller.
Further work which should be undertaken is the investiga-
tion of roller skewing with misalignment oriented so that
the loaded zone of the bearing includes raceway surfaces

of maximuym misalignment.

12



References

1.

Savage, M. and Loewenthal, S.H., "Kinematlc Stabillity
of Roller Palrs in Free-Rolling Contact", NASA Technlcal
Note D-8146, 1976. ' ' ,

Savage, M. and Pinkston, B.H., "Roller Bearing Geometry
Design'", NASA CR-135082, October 1976.

Greby, D.F., "What Turbine Technology Is Teachling Us
About High~Speed Roller Bearings", Machine Design,
April 30, 1970, pp 229-234.

Silgner, H.R., "Experimental Ball Bearing Dynamics Study",
NASA CR-134528, October 1973.

Nypan, L.J., "Ball to Separator Contact Forces in Angular
Contact Ball Bearings Under Thrust and Radial Loads",
NASA CR-2976, April 1978.

Nypan, L.J., "Roller to Separator Contact Forces and Cage
to Shaft Speed Ratios in Roller Bearings", NASA CR-3048,
September 1978.

Nypan, L.J., "Measurement of Separator Contact Forces
in Ball Bearings Using a Derotation Prism", Journal of
Lubrication Technology, Trans. ASME, Sszries F, Vol. 101,
No. 2, April 1979, pp. 180-189.

13



L

Lube 0il Jets —--

N
i o e D

Figure

la

Thin Section Guide Bearing

Schematic of Shaft Assembly

Test Bearing

)

Radial Load

Cable \“

| TP




Outer ring
-~ and protractor

Modirfied.
roller

-~ Cage

— Inner ring

Figure 1b Enlargement of Data Photograph

Figure 2 Modified Roller
15



{ DEGREES)

GLE

SKEW AN

4,

09

.00

b4

.00

1
A

00D 00

-1
A

150.00 240 00  300.00
\ECREES)

RAD'AL SKEW

TANCENT AL SXEW
FlLM READER TEST
4329 RPN /23779

REVZ &7 DECREF

Figure 3 Variability in Skew Angle
Due to Film Measurement

16

g
360.00



o FILN AEAZTR TLST

129 M L Ty

[
PEV2 ST UITF
-
< . i Al BATA PCAL IFF SANT FRAUT
TERTLET PEALTLNED TALS PEARING
f-ie <
37 1 A’f
SC’— P
g =
) —
“ .
-2 )
.3 &3
s e
-
— <
ue 1 = e
5 <
Z e
T 7
- - . T
» BE& e o R
: H R A s Pt LAY,
af R Taalic e r—(: A "v—?ﬁ‘rsﬁ&&- A 2R g
- 1, 51, 4. N . LR E o, 510,
TRIQUF O
i s
) 3
b2 D o
o]
2 [
I >
< K q P
wie =
- L d
T U >
., ~ BTN
7 ! =l o
T g | E Y
=, o
T . i 2 |
(o, Cacs
5. I Teel
| &
e B
& & ’
C
N N & 5
v R <
~ L o - ! b 3 )
<. Lo R .
: Cy : . 1 P - - —— ot 1
g LA 2 13 51 3 n.le TA 13 " 84 2

Figure 3F Fast Fourier Transform of
Data in Figure 3

17



o
i 1 s <4 . m
lD—‘ am \ 1} L U H Wi m mM
W Wil B 1 tan B Al B
"J\u 1 ".l‘ I Mg Il\ M LD el ..".l:-‘, H 'ﬁ!
\ A

2.00 .00 4.00
5

1.00

DEGREES)

S| @ RADIAL SKEW
"

51 TANGENTIAL SKEW
4055 RPM 4/19/79

0.18 MM {0.0073 1N} CLEARANCE

3

- REV 2 RDG 2

~J

‘ 0.4537 CAGE/SHAFT SPEED RATIC
0 DEGREES MISALIGNMENT

[l

o

5]

Figure 4a Roller Skew, 0.18 mm Clearance
Bearing, 0° Misalignment

18



MMWM

TR, 02 15,02 64.22

EREOUENC{

]
0

nw

3:.02
REQUENCY

9.39
L

229

AD'AL AMPL!TUDE

)

ki
L

3

4355 R]°M 19717
P J 18 Y (5 2ULS 1N CLEARANCE
RIV 2 A2¢ &
J.435) CAGT/SAAFT SPEFD RAT'A
I DCINIFS M'SALICHGDR

Mg %Ww&«&&

LT a o2 54 a2

CREQLENC{

22 5 02 sz 2 g o2 54 20

TEREQUENCY

Figure 4aF Fast Fourier Transform of
Data in Figure 4a

19



(93

i
<o

o2

=

3

RASTAL 5XIW

TANGENT ' AL SKEW

£2293 REM 2/50/73-1

0.16 MM (3.0073 INY CLEARANCE
REVOLUTION °

Q.4954% CAGE/SAAFT SPLED RAT'C

O DEGREFS M!'SALICNMEN

Figure 4b Roller Skew, 0.18 mm Clearance
Bearing 0~ Misalignment

20



5229 /"M /3077970

5.8 W4 19 3313 IR CLEARAKCE

RIVOLLUTION *

ﬁ‘
2 ? 0 1545 CAGE/SHAFT SPEED RAT:S
- ~ 3 DESACFS M'SALIGNECNT
5% B
o go'
3 =
N Sa
e <o
= '}
— =
ANt T
=
= |\ s \f&x &YAM”
2 AW 5 iy
S 16 00 Y Ag 02 54 99 9,39 16 59 5.0 A5 09 54,03
FREQUENCY FREQUENCY
o a
- °
21 e e . =2 . " X
F @ . @ - ¢
@
o b b o 7
a ] 13
1Y
‘_""’,31 @ L‘JQW
: i e L |
¢ £
i L 23
Py A3 3 e
— . . ~C
= - 3
burs (T2
e <<
Z n " = h
<2 2]
! k [ L L L
3 f \ 3 ol
o ol «© g
& 3 . — . .
1 T LA \; ) Y 2 I P 6499
9 39 15 02 3:.02 a5 02 54 30 2 2 1% 02 52.02 A6 M
FREQUENCY FREQUENCY

Figure 4bF Fast Fourier Transform of
Data in Figure 4b

21



4.00 5.00

3.00

2.00

.00

1
)

{ DEGREES)

.00

LR

-1,

SKEW ANGLE
-3.00 -2.00 00

-4.00

~5.00

it e

T RADVAL SKEW
® TANGENTIAL SKEW

12161 RPM 4/30/73

0.15 MM (0 0073 IN) CLEARANCE
REV#2 RDG®Y

0.4433 CAGE/SHAFT SPEED RAT!O
0.00 DEGREES M!ISALIGNMENT

Figure 4c Roller Skew, 0.18 mm Clearance
Bearing, 0° Misalignment

22



ymfﬁﬁﬁﬁNMﬂp

an

5

& 00 D
FREQUENCY

(%]
o

-
2 1R 02

3z 20
FREQUENCY

9,30

2.23

‘0

RADTAL ANMPLITUDE

B

12161 RPY 4/50/19

345 MU LD 2278 INY CLFARANCE
RIve2 PRGa’

9 4423 CAGE/SHAFT SPEFD Ral'0
3 20 DUGRTFS M'SALICRMINY

| JA%Q£VJﬁ&€kﬁﬁﬁw

4G n2 54.92

s 09 R 15, 02 54 92

EREQUENCY

_

+
ac 02 54 02

T
[ G4 M2

Figure 4cF Fast Fourier Transform of
Data in Figure 4c

23



.00

2

.00

1

Q0

2. [ RAD'AL SKEW

M4 O [ANCENTIAL SKEW

4135 RPM 6/1/79-2

.16 UM 10,0073 1h) CLEARANCE

=

o REV®1 STRT 057

T
0.4529 CAGE/SHAFT LPEFD XAT'Q
2,25 DEGREES M!'SALIGNMENT

(]

(=)

o

I

Figure 5a Roller Skew, 0.18 mm Clearance
Bearing, 0.25° Misalignment

24




4135 REN §,1/715-2

T 3 '8 UM (3 2203 INC CLFARANCE
ATVRY STRT 057
4 0.4929 LAGE, SAAFT SPLFD RAT'S
< i 2 25 DLRTFS M'SALIGRICNT
7 S
Ly
DC’
p=g
e
.
&
="k
.
=T
C:IO
T
[+

AT

o
[

32.32

-

SE
Q 9

.33
I.

TANggNT'AL P A

-42

90.90

6 02 Y 54 93 .92 0 % 54 92
CREQUENL{ EREQLENCf

3 92

. =4 "
h o,

©

¢
16,00 3:.00 45,09 §4.00 9.39 15.09 3.0 5. 22 54.99
FREQUENCY FREQUENCY

Figure 5aF Fast Fourier Transform of
Data in Figure 5a

25



SKEW ANGLE

4.00

0o

3.

2.00

.00

-1

-3.00 -2.00

~-4.00

-5.00

T RAD!AL SXEW

O TANGENT!AL SKEW
6169 RPM  5/31/79
0.16 MM (0.0073 IN) CLEARANCE
REV#1 STRT 012
0.4531 CAGE/SHAFT SPEED RAT!(Q
0,25 DEGREES M!SALIGNMENT

Figure 5b-1 Roller Skew, 0.18 mm Clearance
Bearing, 0.25° Misalignment

26



gran RPN H/B1ITD

T 8,18 7% 48,3503 1KY CLEARANGE
REYEY STRT 52
2 2 a 2%} CAGT/SHAST SPIFD 2AT'S
o e ¢ ) 25 HETREFS M'SALIZNUS
[
Ll o
[ B i
2, 0 Lo
28 a®
- =)
o —
b "
=2 2
== -]
- -~
L q
- P §
b -
&% - o
w® [l
O <} -z {
ZZ £y
=\
v- ¥ po
}‘i’-‘g (:3 .k?izi fé? P j i y v ’-Q . X -
= ‘\N e _}QF’ bﬁ?\. l’ o ) ﬁé‘kﬁ"mﬂ[?‘%q&“gqﬁg‘%ma
i YE G 0L gr s 4807 5332 (Al B 32 v 3 a3t 98}
CR{QUENCY EREAQUENTY
, a
3 3 3 . = « T ¥
® 3 q 3 P G
o Iy l‘ | l
e ‘u.‘ )
:r, ' \ G

TANGE

NGELNT AL
o
,_....—————-:;'
P pupmtsirsiinsoornr

b ey
Py
St

-y

YU Wiy

I

i <
i A Yy h o
? ]
i & , - > &
s y i T y y
. n i, 3 35 . EL W] S3.30 4 0. J. 25 02 54 a3

Figure 5b-1F Fast Fourier Transform of
Data in Figure 5b-1

27




S| & RAD'AL SKEW
™1 O TANGENT'AL SKEW
5169 RFY 5/31/79-2
o 3.16 YM 10.0073 IN} CLEARANCE
~ REV 2 RDG .
\I’_
0.4531 CAGE/SHAAFT SPEED RAT'Q
.25 DLGREFS M'SAL!GNYENT
<
D

Figure 5b-2 Roller ékéw,‘O.IB mm Clearance
E " Bearing, 0.25° Misalignment

28




§169 AFY 5731/72-2
£ 316 WM (D 2373 IAY CLFARANCE
@ RV 2 RDE 2

2 2 3 4231 CAGE/SHAFT SPIFD Ral’f
o i 25 DESREFS WISALISKUCKT
as L3 i
= - ~
— S°
= g -
y =
= ~e
<3 &~
Ly ':E;o-' &
= pui )
— -
Z { :
e ¢ o
. <
=y J )‘ orey
= yx% 2
: g : liitondiean] = %«*mm
0’ 93 502 4,33 4592 6492 9 32 693 3293 45 92 44
FREQUENCY FREQUENCY
o 3
s 3
« - [=» 5
- ‘@ . - N o -}
e, 3 , @
(4] Q 5 g
:::;3" G 3_
[F)
= [ s |
[ b 1 @
o d T *
€ » 1al 1
:tn': 3 h __Jf;' d
= =14
toes e ] [
we - 5 <
Zo0 0 ") o] g ! g
! t q
«
«
o o o
(xd [ ] o
o { o L & L
o, T —— —, < —— — v —
9 32 '6.00 3; 22 45 09 54.99 9.32 15,02 3223 45,00 54 92
FREQUENCY FREQUENCY

F:Lgure 5b-2F Fast Fourier Transform of

Data in Flgure 5b-2
29

w




3.00

2.00

.00

1

D)

(DEGREES)

0.00

-1,

SKEW ANGLFE
-3.00 -2.00 00

-4.00

=5.00

o —

O RAD'AL SKEW

O TANGENT'AL SKEW
12346 RPM 6/1/793

0,18 MM (0,0073) CLEARANCE

REV 1 RDEG 1
CAGE/SHAFT SPEED RATIO

0,454

0.25 DEGREFS M!SALICNMENT

Figure 5c¢-1 Roller Skew, 0.18 mm Clearance

Bearing, 0.25° Misalignment

30




12348 RPN £71/77

? 2 08 MM 1033730 CLFARANCE
RZY 1 RDG
2 0 434" CAGE,SHAFT SPEFD Ral'®
i g 3 25 DLSRCFS M'SALICKYCNT
Lt
as u.fu’
ic‘»’ on"
—_ ]
| —
z b
-
B 23
A 3
_(Jr, < 4
- -
[ — -C
oo -
TN =
;n" fore)
«C
—_
= “ %«‘pxmw_
“n' 92 =3’ 32 & 92 de 12 g 02 64 92
FREQUENCY
ad -
. .
- - ? @
ﬁ A Ay
X
- a .
3 ;’—4
Lo i
<
<t
—Lr)
(<034
_Jr)"
«C
= 1711 i
-y
L '\ & g L
3 T L
n 4
L
o
2 'Y ﬂ )
- Ixd
L T Ll <« - T T T i
& 09 3222 45. 00 54 39 939 Ve 02 Be 9 4% M 54 97
FREQUENCY FREQUENCY

Figure 5c-1F Fast Fourier Transform of
Data in Figure 5c-1

31



oe

.00

2

1.0

(DEGREES)

.00

0

SKEW ANGLE
ad

-

4]

O RAD'AL SKEW
O TANGENT'AL SKEW
12346 RPM H,01/75-2

0.16 MM (0.0073 INY CLFARANCE
REVILUT'AON 2

0.4538 CAGE/SHAFT SPLFD RAT'Q
0.25 DEGREES M!SALIENMINT

Figure 5¢-2 Roller Skew, 0.18 mm Clearance
Bearing, 0.25° Misalignment

32



oL WO

12346 RPY §,8'/13-2
215 MM (D.3373 INY CLFARANLE

22

»
1 RCVALUT'AN 2
Lx] - .
< < 3.493F CAGE/SHAFT SPEFD RAT!S
< i 3.25 DLZREFS M'SALIGNMCNT
‘I
L
a5 4
Eo' ] ‘-c-‘c;- ¢
- =
- —
[«Y -
3 o
<3 e 3
- =x* -]
3 <O
-
—_ -
— -
L =
[Whad oo
@7 <" |
Zzo forde)
-
b
o
o — (=] o
“a’ 09 15,00 3.9 3. 09 §4.90 0,32 16 09 32,99 45,00 54
FREQUENCY FREQUENCY
(xd 3
o -
2- i @ 2 N
‘ T
? > P
) Q s
a a
N d ] Fy
u)f r -
- o
4 (%]
[ <
T.
a9 Papad P
<@ -l Y 2
= e
— * =
= i
tue Qe
o <C
= o7
<< | { -
—_1 )
»
o L ©
« d ol 3 = L
o ¢ = J. L
? T i ¥ J c,n T ) A —
0.02 15,00 32,00 46. 09 54.00 0,39 Y 30,20 45,00 54
FREQUENCY FREQUENCY

Figure 5c¢-2F Fast Fourier Transform of
' Data in Figure 5c-2

33



2.00

.00

(DEGR%FS)

0.00

4

SKEW ANGLE
-1.00

-2.09

.00

-3

BN,

D ©
P Q D D @
| D ul O D . D

;Y P . D G ‘ Q A ® 0®
A ol @ o P nl I 0D A
® ! N AHEp R ony ™
n [DLD 1) ) g q
® o u“.": 0 :_,, & u‘“ ) ml GO B (VA o ‘L O R &
' 0 ' "vu Q@ G| ) G 1

"
\
o) ’m” &t - 3 " - lé!tt.,x
00 Bé o o 520, .~: 1 b0 . TR u‘,:
R XY » ANG DECEES U, L;SJ l
@

T RAD!AL SXEW

O TANGENT'AL SKEW
4020 RPM 6/8/73
0.16 MM (0,0073 IN) CLEARANCE
REVY RDC 1
0.4537 CAGE/SHAAFT SPEFD RAT'Q
0.50 DECGREFS M'SAL!CENMENT

-5.00

Figure 6a Roller Skew, O 18 mm Clearance
Bearing, O. 500 Misalignment

34




432) =M oS, E/1)
36 UY D DTS TN CLEARANCE
REJ1 RYG

2 2 0 Au3. CAET, SARET SPEFD Ral’o
~ - 1 53 JTIALFS 8'5ALiGRECY]
L“':: o
an -
< L -
E" o A
- -
o fis
[ —
x> -
<ﬂ= £x
- = 4
e Zo
-
- -
— -
=z -
w® oo
. ":'J
e P
-
=
1
2 b b S
o — T - J o T T y y
D 03 16 00 PR 4G 09 54 27 D 52 s 03 YRR 1. 0 54 92
FREQUENCY FREQUENCY
o o
- 3
o o,
Jad 2
3 d T
5
o o
o e
we ﬁ
-r [ q
T (%
e <
T
3 o3
fr;“ _l"’i‘
- -
= 4 -
Lur [=T2)
e P
-1 “a
._IT ET
.!
o -
o (=1
a o
o, ald 3
7 — v ] : — — 3
9.90 6.0 15 09 64.09 ER) 15 5. 09 54.20

) 5e.39 03 30,92
FREQUENCY FREQUENCY

Figure 6aF Fast Fourier Transform of
Data in Figure 6a

35



5.00

2.

00

1

(DEGREES)

0.00

1,

.00

-1

SKEW ANGLE

; -2.00

-3.00

-4.00

5.00
L

U
)

F

3 1t
Y I
m oI "
"' P m 0 w4yt \7 B G
] HIE L) LS 2| L 4 ] M
u| 1 )
it M m %
71 g 0 (8 [
4] b M L ! L4
be: nih 1D u
A d o M
o
0 ] i
his "‘ 0
03]
44j 0
& I 0
]

RADTAL SKEW

TANGENT 1AL SKEW
§13/ RPM 06/06/79-2

.18 (0.0073
REV ST 193
0.4545 CAGE/SHAFT SPEED RATIO
0.5 DEGREE M!SALIGNMENT

INY CLEARANCE

igure 6b-1 Roller Skew,

.18 mm Clearance

Bearing, 0.50 Misalignment

36

¥oo. ®° E&o.

00



S13t 8oM 28,06/73-2
D.'8 10.23F3 InNY CLEARANCE
REV ST 193

J
0

e e Q AU15 CAGE/SHAFT SPLED RAT!A
-7 . = 0.5 DESREF N!SALIGNNEX
: o
-
e
=)
2
-
2R
==
P
-
&
] A
s
: k"%
,
2 ag. o2 54 03

n G e q. e oo a3 2 PYIRT . PR VE
CRIQUENCY

N “

- o - >

> 1 @

q o
™ f’ "
>

. I «
ue i =1
e o P w
T | ? p o <
~.. \ - ,
- ¢ n-.l T T, -
., i i :“(:_l
“de i o
LI | < < 9 ©
2l ¢
LS X
- 4 &
<< ’ o K
e l | R G e

1 | s o
9 [\3
-3 L L, R + 3
o

- - <

§ — ’ : ; T S FIm ;

[N TR O e < EEN 54,5 1 G R Je =l 03T 30 .

FROQUENGY ERCAQUERCY

Figure 6b-1F Fast Fourier Transform of
Data in Figure 6b-1

37



2.00

( DEGREEFS)
9,00 1.00

n <

SKEW ANGLE
—Ll.OO

T RAD'AL SXEW

G

TANCENT'AL SXEW

€131 RPM 6/€/73-2

0.16 MM {0.0073 N} CLFARANCE

REV 2 RDE 1

0.4547 CACE/SHART SPEFD RAT'Q
5 DEGREFS M!'SAL ITINMENT

Figure 6b-2 Roller Skew, 0.18 mm Clearance
Bearing, 0.50° Misalignment

38



Fourier Plot not possible as data

does not cover 360o

Figure 6b-2F

39



.30

. Q0

L

00 RAD'AL SKEW

O TANGENTIAL SKEW
12236 RPM 6/6/79-3

0.16 MM (0.0073 IN) CLEARANCE
REVOLUTION 1

0,4557 CAGE/SHAFT SPEED RAT!'O
0.5 DEGREFS M!SALIGNMENT

Figure 6c-1 Roller Skew, 0.18 mm Clearance
Bearing, 0.50° Misalignment

4o



12258 RCY 6, 6/13-3
9 15 M 1D 233 IR CLRANLNLE
R{VOLUT oy

2 D 435 CAGF/SHAFY SPEED RAT'S
2 5 DIIRIFS M'SALITRULNS

.3

9.39

—

)
ey

A
v

AD AL AM;L!YUDE

b
L

2
)

“a 1 8

Wb MWW*W

I

L
N
.5 g
L & -

-
9 22 6 02

f
| J:S-l oMl
ARl

9 4G 99 3422 9 22 Ve PR 54 92
[

4 99 9 RS
FREQUENCY FREQUENCY

Figure 6c-1F Fast Fourier Transform of
Data in Figure 6c-1

41



.00

1

{DEGREES)

00

a A Temaals

0.

-1.

SKEW ANGLE
-2.00 00

-3.00

-4.00

-5.00

& & i!% ‘&EGL (H%G%%i .?, > Sl . ®50. 00

0 RADVAL SKEW

O TANGENT!AL SKEW
12238 RPM 6/8/79-3

0.75 MM (0.0073 IN) CLEARANCE
REV 2 RDG 1

0.4557 CAGE/SHAFT SPEED RATIQ
0.5 DEGREES M!SALINGMENT

Figure 6c-2 Roller Skew, 0.18 mm Clearance
Bearing, 0.50° Misalignment

Lo

munmn | n e 0 e n NN e e | 20 e N ||



V2238 K7W 3,820
"S 0 15 ¥Y 19 2078 INY TLEARANCY

RV 2 8¢ ¢
2 ? 0 4357 CAGE SHAFT SPLFD %al'®
o « 3 5 DESRIES W'SALINGMINT
Loc, <
an wo
- - 4 "~
— QO
- o
) -
S =
>
== &7
o s
<
- -
—_ L
oo Lo
\_'). | -:t- m
= cror
=
— d
o ol Y M e
2| NP A
- . - Y ! - o ' S
N9 4 00 3 2 4G 02 54 32 2 N & 02 3 22 a5 02 54 1)
FREQUENCY FRCQUENCY
o e
~ il
c’:] o -
ird q
\ 7 X
> _ R
(sd o
L] o
o [ )
‘I:._;-:_ A 2—
< L
T [ wd
[«% - ke
” T
—n 5
e oot
— - S
= - .
Laes Qe
Y- N o L C>
Z, ' ) . e,
—_1] & i f L
N Ls » & 3
~ L -
- o
o - h L.
> T T 1 T — + \
9.0 ' 46 02 64 00 2 3 16 45. 92 64 92

00 3:.903 02 3:.2)
FREQUENCY FREQUENCY

Figure 6c-2F Fast Fourier Transform of
Data in Figure 6c-2

43



5.00
~L£3

4,00

&

aQ

2.090 3.

Rt

REFS )

{DE

00

0.

L ;
S0
3
=z
-
<
=
oo
N
3
=
]
I
|
b )
5{ T ORACTAL SKEW
4T TANCENTUAL SKEW
; 1223RROY B, 6,703
N 0.5 MM (0 Q273 INY CUFARANCE
1

FPEVY ROGH
O 4557 CAGE/C4ART SPEFD RAT'n

5 DEGREFS M'SALICNMENT

oo

4
S S

~d

Figure 6c~3 Roller Skew, 0.18 mm Clearance
: Bearing, 0.500 Misalignment

by



vy

ot

xge e

]

. o

12238 RPL 8,6/13-3

0 78 MM 1D 2373 INY CLEARANCE
S KDY 2 RDE O - i

e < 9 4557 CAGF,SAAT SPEFD Ral's

] ° 35 DCSACFS W'SALINGUDNT
L, o:
2o iy
- -1
-t —
= 5
< 5‘2
_ar =7
T
- -d
— -
o e
o <
zZ oo
=
=

1
= ? f :‘:4 X‘Es‘ﬂ#-‘v%
) P W R ol
" 22 5 02 y 25 2 s 93 ©3 a3 5 ag 02 54 22

2 5l 32
FREQUENCY

2 o o
l 3 P ﬂ(s.
! . [ P
o I :
s O \-r a 1 % o -
P i & |
T ﬂ | l“ o 1
N IR .
A R l C.ry )
s | St
;T\ = A
= - .
wed l}; & A
Z ol (o] W (298 ‘
= T T '
Sty |. Ly L j
| L L I :
2 ‘ | 5
) W
2} 2 . ‘
EYEY A 09 te 20 YY) 5422 ‘3 m e 90 s 31 4502
FREQUENCY FREQUENCY

Figure 6c¢-3F Fast Fourier Transform: of
Data in Figure 6c-3

45

54 92



.00
{

SKEW ANGL

-2.30

O RAD'AL SKEW
(]

FANGENT'AL SXEW
4247 RPM B/11/73-2

J.16 MM (0.0Q073 IN) CLEARANCE
REVOLUT!ON

Q.4541 CAGE/SHAFT SPEFD RAT!Q
-.5 DECREFS M'SALI!GNMENT

Figure 7a-1 Roller Skew, 0.18 mm Clearance
Bearing, -0.50 Misalignment

46



4247 RTM G, 0i/10-2

D '8 MY 1D 22T 1IN CLFARANCE
RIYOLUT!ON

D 451! CAGE/SHAFT SPEED RAT!®
~ 9 DTCRIFS MISALINGMENT

| | mﬁﬂ,ﬂ&i < J\/U

Y

9.39

DAL AMPLITUDE
323

iRy

R

=

T T " T T T .
2 tA 02 AG 22 54 19 3 33 t6 92 e 45.02 654.33

3. 92 .92
FREQUENCY FREQUENCY

~ 7
3 N N
Y ]
© h
2 d s
.
F‘ ) :—
Lt
] G %)
[ < q
1 >
T O
i
2o a
@ < \‘ 3
(=133
<fer
e,
2] .
L P j
Ao [
L ¢ J h ¢

3 LI

-3

>

L J A 3

s

22 '8 0.32 16,020

5 42 3 22 : 3:.92 54.00
FREQUENCY FREQUENCY

>
o
g
2

Figure 7a-1F Fast Fourier Transform of
Data in Figure 7a-1

b7



SKEW ANGLE

(DEGREES )

1.00

00

.00

-1

-2.00

-3.00
L

-4.00

00

N

0 RAD!AL SXEW

O TANGENT!AL SKEW
4247 RPM 6/11/79-2

0.16 MM (0.0073 IN) CLEARANCF
REV2 RDG!

0.4541 CAGE/SHAFT SPEFD RAT!D
=.5 DEGREES M!SALIGNMENT

Figure 7a-2 Roller Skew, 0.18 mm Cléarance
Bearing, -0.50 Misalignment

48



4247 RPY BV H/T3-2

J 315 M 19 23] INY CLFARANGS
REV2 R2G'
< 2 9 494" CAGE/SHART SPEFD QaT+s
~ “ - 5 MGRIFS WUSALIGNITRT
-9
(RPN o
25 ]
,fo' gc'
- s
—J —
[ pu—
%2 g2
2
e =
T
- —
[ l <<
= -
we e
. =3
‘2“ L n\. e
<
— X ’“l
iad (A
020 15 0 3. 32 RY 54 30 ©0 22 N de.22 Ag 02 54 22
FREQUENCY FREQUENCY
. .
3 9
- o
Y 9 P
A . i - T
P
o o
D ol
i & X. < |
< T Lu i N
T (53} 1
c. <t
o S
29 [
e o e
— -
= - o
Lues fcs N ‘U
we L <
—Zc" 3 T W
-1 y‘ . N 74
"
L 4 d & L
(&) L2 -~
P . -~ o) L <
) o v A
=S P o L o
S r . : . : v . y .
9 29 "5 92 3. 92 w5 00 54 39 222 1h 92 S 32 4G M 54 02
FREQUENCY ERCQUENCY

Figure 7a-2F Fast Fourier Transform

Data in Figure 7a-2

49



3.o0

ac

2.

GREED)
1.00

{DE

oo %J&ﬂﬁ&@ﬂ Iy

o 90

Q0

-1
]

SKEW ANGLE

0 0,00 120. 08 24 '5
y ¥ ANGLE (V%SEciEES)

J RAD'AL SXEW

O TANGENT'AL SKEW
6390 RPM E6/6,79-2

0.16 MM (0.2073 INY CLEARANCE
REVT RDG1!

0.4545 CAGE/SHAFT SPEFD RAT'Q
-.5 DEGREFS M'SALIGNMENT

Figure 7b-1 Roller Skew, 0.18 mm Clearance
Bearing, -0.50 Misalignment

50

N




TANGENT AL PHASE

5990 RPY G/6,73-2
D '8 MW 19.0073 IN: CLFARANCE
REYY1 RDG!

4
2 0.4245 LAGE/SHAFT SPLED AATIA
° ~.5 DESRCFS MISALIGNNTHT
=3
"
=

29

0.

)
L

%AD'AL ANPLITUDE

<> <>
s - e 8
092 15,00 3z 39 4502 54.01 o
FREQUENCY
Lx <
< r{
3 P o
i f > ] > ) i '
-] 3
-]
- o
= P > 3 it 1 3
b $ ] Sy
i 3 4
-] i b
L4
p = \
2 oS
;=ﬁ P
3 s = 2
<3 [=T1>% p
S 3 <.
n d o ph
T L & ¢ e J T L
4 f &
o) ¢ ¢ " o L
e ) 2 g
(=3 d L © e @
< —- T s ) y
0.909 18,09 .99 45.09 64.02 0.903 "8.02 32,00 45.09 5409
FREQUENCY FREQUENCY

Figure 7b-1lF Fast Fourier Transform of
Data in Figure 7b-1

51



of M M 0 ! @ "u 4 o \
(=] \ d F i h 94 m
e i 1l b4 Ck th )
i “u m o 7 Ul Y i i ity m o By
M V 1 B ¢ RN L
A “n:.l" 1 &1, Iau
8 | thC o A
-] %) 4
- J]
L4
=
<
l")-_‘
o
=]
o
o=
o
[T
-
2
w
Le§
Qod
—_—
L ;|
3 0]
w
=
<o
=3
= |
gt
N
%]
o
[
~
1
S| © RADIAL SKEW
™1 O TANGENT'AL SKXEW
6390 RPM 6/6/73-2
. 0.6 MM (0.0073 IN) CLFARANCE
i REV2 RDGI
e
0.4545 CAGE/SHAFT SPEFD RATIQ
-.5 DEGREES MISALIGNMENT
(=)
=
o

Figure 7b-2 Roller Skew, 0.18 mm Clearance
Bearing, -0.50 Misalignment

52




8300 K"K 6/8/T3-2

3 0.18 4y €0,3973 [N} CLEARANCE
REV2 RDG!
2 2 0.4545 CAGE/SHAFT SPEED RATIS
=1 i .5 DEGRTES M!SALIGNMENT
'-'o-'g u.ug- [
Eo" go'
) > -
£ "
< a3
o] ZoT
= -t
— -
i ae
S L) < .|
Zo o
T
—
<> izl
' 92 "8 03 $2.23 4503 54 90 0.33 5. 45. 5493
FREQUENCY r:REQUENCY
> <>
3 g
2 e 3
? @ 1
q 1 2
<3 <3
=4 o
2
s ) :
jU) "
: q (73] .
o < a N &
iy~
a3 Py 3
fe;’ _Jo-'“ L
—_ - o
=z [ —
Lutes (=Y
W A <
=z L P
=54 « 71 L "
. i h
3 d a L 1 L
\ . i
] L
"9 o2 15,02 3¢.93 G.as 6433 3. " 03 32,92 45,03 5402
FREQUENCY FREQUENCY

Figure 7b-2F Fast Fourier Transform of
Data in Figure 7b-2

53



4.00

2.

1.00
I

{ DEGREES)

-1.
1

SKEW ANGLE
-3.00 -2.00 00

-4.,00

0.00

5.00

. ﬂﬂﬁkmm

RSN

0 RADFAL SKXEW

O TANGENTUAL SKEW
12181 RPM 6/11/79-4

0.18 MM (00,0073 IN) CLEARANCE
REV®Y STRT144

0.4547 CAGE/SHAFT SPEED RATIQ
~0.5 DEGREFS MISALIGNMENT

Figure 7c-1 Roller Skew, 0.18 mm Clearance
Bearing, -0.50 Misalignment

51



.’s VALY RFM 5,11/773-4

{ 3 '8 M4 (D 23F TN CLEARANCE
REY STaT* 44
~ Lzl .
v I 947 CAGE/SAAFT SPEFD RAT!A
« « -3 5 DOSREFS M'SALICNYTKT
)
a3 3
:_’o' LQ_;L_-’-
-— o -
— —
L} -
—
= e 5
= -
< il
<
= )
- =
<= -
e e
PO - ]
2o, R
«C
=
o Eﬂaﬁkﬁﬁmmmmg o %ﬂ;&qﬁ#%m&
a2 . 4G. 02 54,92 T3 . 4G 02 e 92
:REQUE.NC( '-'R“QbE‘n"
< P
P «
2 "_‘; N PP
&
-~ ] 3
AN P P
a p o P
\....n{ ol ?
W~ -
-t ()
ped (P9 ]
[ ~«C J
by S
‘—:‘2 Q—:';J @
N 6 A @
Z 4 & =
Lacy (=123 L .~ & B
o o 3
— ] "'_
}J L " ed 1
- "
3 ) - [£3 Ll N P
< o d
xd I o 3 &
@ T — T v !
9,92 '8 0 G, 02 54.22 5,22 502 Y 54 92
cREQbENCf FRE QbENC(

Figure 7c-1F Fast Fourier Transform of
Data in Figure 7c-1

55



Mﬁﬂﬁmﬁ

-4 Q0

Lo

vvwv'w%g*

O RAD'AL sSKEw
O TANGENT!'AL SKEW

1251 RPYM 6/11/73-4

.16 MM (3.2073 IN} CLFARANCE
REVR2 REpu?

0.4%47 CAGE/SHAFT SPEFD RAT'O
~0.3 DECGREFS M'SAL{CNMENT

Figure 7c¢-2 Roller Skew, 0.18 mm Clearance
Bearing, -0.50 Misalignment

56



rs T2°B° RFW B, 117004
3 'B YU LD 223 N DCRARARCT
RIVa2 RLpx

- a
<z 9 4547 CAGE, SHAFT SPEFD Ral'd
o -
-3 5 MIRIFS MUSALITRMTNI
L"t
as =
2o Lo
- =
35 =
[ -
= -
<< LJ:
o Ee
T
- 4
Loed -
=z -
e ~e
w ="
= . e
=
Lol o
" . M ;;- ot Wﬁ.ﬁﬁ%“%ﬁﬁ,ﬁ
Y 'a 09 R 83 5191 ) o & EEEE 54 92
FREQUENCY "R.‘.QbEnL{
- -
5 2
5 < P
L 2 2 )
s [¥)
T ("]
[ -
2] _r'v-
el ooy
< o -
e e
= -
=z -
Ly f=T2
hotd =9
Z- T2 : ‘
— u T
- a
o - o
o o
s ¥ T T+ ) T T r T 3
ER e 00 35 32 4 0 64 92 EER s 93 3. 22 ag 83 54 92
FREQUENCY FREQUENCY

Flgure 7¢-2F Fast Fourier Transform of
Data in Figure 7c¢c-2

57



.00

5

4.00
+ e

00

3.

00

-4.00

-5.00

q
i : i J 1
3 A
g L | Y M 5 A 1
5 m \ kA . u' ll p| Ein 14 n
Ry Bm 1 lll;- EL T [ H1 iR M & il i ‘u.
;u“ Wy i W = Hi 'y L
1 ulfi I ks | ( “r"' b
LY ' h n ) ) o
i

0 RAD'AL SKEW

O TANGENT!'AL SKEW
4000 RPM 1/23/79-1

0.27 MM (0.0083 IN) CLFARANCE
REVZ RDGe2

0.453/ CAGE/SHAFT SPEED RAT!Q
0 DEGREFS MJSALIGNMENT

Figure 8a Roller Skew, 0.21 mm Clearance
Bearing, 0° Misalignment

58




4302 RPw 1230701
D 21 MY €2 I20% IR TLEARANCT

[r]
RLY2 R262
. - ]
< < 3 4530 CAGE,SHAST SPEFD Rat'd
e i 2 DIIRIFS MUSALIGAUONT
L“'C‘: (=3
am -
—o lé"o"
e =)
- —
£ 5 :
<3 [P
- -2 _1
e zo
<
- pu )
— -C
= i
we [=td <
o <t |
Zr oo
=
2 ot 4 M{w 2 V(X %‘Wﬁm
“n' 02 T FE A 02 50 0> 0 a2 e 22 5 02 M
FREQUENCY "OLE.‘L
s .
~ 4]
s > Py a
o
> ' A 5
@ [ P
© 3 <> \
o a
s 2- 2 |
< w ﬁ |
T (%]
c. < ‘ l
=
:EJr-. . N [ ‘ i i
S g '
— P | l l%
=z - 9 ‘
z T T
S a L \ “ A
Z, o l !
—1 L L L 7 i
| L
o (Hn L 2 f ol
. L > ¢
[=3 pig . L
e — . . . I - . T . .
7,20 6 02 R aG 00 54 92 3 32 R N 5422
FREQUENCY FRCQ L.FhC{

Figure 8aF Fast Fourier Transform of
Data in Figure 8a

59



.00

4

3.00

2.00

.00

{

1

(DEGREES)

00 0,00

-1
)

SKEW ANGLE

~2.00

-3.00

-4.Q0

-5.00

R ®
® D n
® D D
Y By R/ \P Y P D E D
R - — AV Y | R et Y& 2
0.8o%p 128 43 %\ B3 TR AB ol BT b | ad50. 00
Y ® @ R ’ & v‘."l' L N G 1 N P Y ‘
2.0 [ TIAKE Q @
b ® 5 ARGLE 9 f“ OR P R o
N P O /
Q Ly © O o © Q (v,
Q R\ \) © & o : U] ©
d o D & P v
7]
®

O RADIAL SKEW

O TANGENT'AL SKEW
6136 RPM 3/27/79-2

0.21 MM 10,0083 IN) CLFARANCE
REVQLUT'ON 2

0.4521 CAGE/SHAFT SPEED RAT!'Q
0 DEGREE M!SAL!CGNMENT

Figure 8b Roller Skeg, 0.21 mm Clearance
Bearing, 0~ Misalignment

60



@ 5ot RTM ds21/15-2

320 MY (D 2205 1A CUFARANCE
RIVALUT AN ¢
< 3 vzl TAEF.SHATT SPEED naT8
- ) MTIRIF MUSALLGAUTNT
@
o
=
—
~d
e
%
X
o)
<t q
o
< |
ey
? *&f&wkﬁh@ﬁﬁ
s o. T T

s 00 $e.92
FREQUENCY

I

4G 09 5400 2,52 e 00 4.

32 P 54 22
FREQUENCY
o
ph
: 3 ) \
. I
o X
A I -
o
~ Y

°f
AT
P—
D
—

RAD'AH PaA
—

o | F IR

) 3e.39
FREQUENCY

Figure 8bF

3,92 1h.00 45 00 PYREES

$2.92
FREQUENCY

Fast Fourier Transform of
Data in Figure 8b

61



5.00

€ S

4.00

00

00

2.

.00
1

1

Q

SKEW ANGLE (DEGREES)
-1.00 ££

-3.00 -2.00

-4.00

-5.00

T RADTAL SKEW

O TANGENTIAL SKEW
12113 RPM 1/23/79-3

0.21 MM (0.0083 IN) CLEARANCE
REV.1! RDG.2

0,4524 CAGE/SHAFT SPEFD RAT!(
0 DEGREES M!SALICNMENT

Figure 8c Roller Skew, 0.21 mm Clearance
Bearing, 0° Misalignment

62



3.23 9 39
L L

TANGENT'AL AMPLITUDE

b

12000 RPY V2237103
0 21 NM 1D 2203 TN CLTARANCE
\d RCY.1 RIG &
< Y 4524 LAGE,SHAFT SPEFD Raf'Q
3 DETROFS M'SALICKHUTRT

3

9.30
I

RAD'AL AMSLITUDE

=
o
£y
5
f
;

AN
T . s
A6 M2 34 932 [ e 2 e 22 v 00 54 27

42 3. 02 .
ERIQUENCY FREJQUENCY

43 2.
4L
5

f&i 1:,\{
i

?:?:—‘0
,”M_—‘so
=,
JUAL PHACE
= —

ro
Rl

e
o
QA
iy
i S

o
T K
BT

M
g ¢
s Ty e e, T T T
te 2 oo oM 54 27 3 or ML ] 3. 3C a8 02 54 92
FREQUENCY FREQUENCY

Figure 8cF Fast Fourier Transform of
Data in Figure 8c

63



.00

4

.0Q

3

{DEGREEFS)

.00

1
8y

3

.00

-1
L

SKEW ANGLF

-2, 00

T RAD'AL SKEW
O TANGENT'AL SKEW
4029 RPM /297791
0.21 MM L0.0063 IN} CLFARANCE
REVOLUT'ON 2
0.454) CAGE/SHAFT SPEFD RAT'O

0.25 DEGREFS M'SAL!CENMENT

Figure 9a Roller Skew, 0.21 mm Clearance
Bearing, 0.25° Misalignment

64



T €329 APy 129,731
0,21 MY (9 3364 IN® CLFARANCT
REYDLUT AN 2
4 4 3 1343 CAGE, SAAFT SPEFD Ral'f
- - 3 25 PUIRIFS M'SALIGHEERT
Lie, o
- ~
D L -
‘__Ci co
- " =
~ —
g =
= )
<3 e
. = -
e Za
-
- -
—_ <€
p :
e ald
B ot
-
. \Mj
<, (_-,\ T I
v 22 5 15 02 54 92 G )
I:F\F()l;E Cf FREQUENCY
b “
2 P e 3
D
N
P Q
“ : T i . 7 10 B
a D
Lo 0 ¥ @
L™ . i H @
L il Ly
- \ )
c a <
3 '-Lrl
ey Ce>
~C - Bty
- ) o W
— - L
=z L -
ey Qe o
W =g 3
Z2] ol i d 3
—_ h 1 L
" * L »
o 3 o b
s} (3] - "
~ h o "
o L2
[ T t T T T T —
9 32 16 93 . G, 82 54 92 32 16.92 3:.22 5.0 54,03
':REQL-ENC{ FREQUENCY

Flgure 9aF Fast Fourier Transform of
Data in Figure 9a

65



{DEGREES)

SKEW ANGLE

.00

2

.00

1
f

.00

.00

=1

Rho b0 o8,
E-(DEGREES)

O RAD'AL SKEW

O TANCENT'AL SKEW
8113 RPM 1/25/773-2
0.21 MM (0,0083 IN) CLEARANCE
REV#1 RDG#!
0.4517 CACGE/SHAFT SPEFED RAT'QO
0.25 DEGREE M!SALIGNMENT

Figure 9b Roller Skew, 0.21 mm Clearance
Bearing, 0.25° Misalignment

66



22 3299
FREQUENCY

[EY
©

=
<
]
-
-k
=z
L._‘o
w7
Z o
-
—

32 15,

- 1
54.32

RAD'AL AMPLITUDE

T 8U19 RPY 14207172
2 2! MY (D.3263 IN CLEARANLE
REVRY ROGRE

2 0 4y'7 CAGE/SAARI SPEFD RAT'A
~ 3 25 DTSREF M'SAL:IGRETHI

L]

”y

o

.23

2

.10

1 Y

i % 02 T 22 54 93

.22 se 22
FREQUENCY

o -
o 23
=y L -
- o @ p ™
P P > Y
@ . 2 @
a s N
Lu 24 3 ) =
s -
< L [P
t ¢ o
c. > @ <
by
:(152 [0S
=<t Do
— -
=z " . - -
ey (=T
W L <€
= o
<% 2]
1 X 1 al
. L .
L 3 n
o L s
o o
L L A L
g . y 2i< . .
) 7 ‘6 0 g 54 )2 3 22 A a2 54 12

2 $e 32
FREQUENCY

22 NIEE
FREQUENCY

Figure 9bF Fast Fourier Transform of

Data in Figure 9b

67



5.00

Liv *-

RE

(DEG
20

Q0

-1

SKEW ANGLE

-3.Q0
[V R SN M

-4 Q¢

a0

-5,

i

O

I
2 ¥ J?@ b3ty PR 0

REES)

RAD'AL SKEW

TANCENT'AL SXEW

12127 RPN /267731

0.2' MM (0.2083 IN) CLFARANCE
REV.Z RDE 2

0.4525 CAGE/SHAFT SPEFD RAT'Q
Z5 DEGREES M'SALICGNWMENT

Figure 9c Roller Skew, 0.21 mm Clearance
Bearing, 0.25° Misalignment

68

0 00



12127 APw 1/28/79-1
0.29 u¥ (0.0003 I1M) CLEARANCE

\ REV.2 RDEC.2
2 2 0.4325 CAGE/SHAFT SPEED RATIO
b =] .25 DEGREES MISALIGNMENT
Wi
as -
25 e
= = .
- - p
= >
<3 ol
.{ ="
~° <O
I p |
P -C 4
Eo ;o
o <
Zo [e<-2%
-C
—
o >
S ¥ LDl Y,V 2 o Vaagalag
“0.00 16.00 32.00 43.00 64.00  %.o0 16.00 32.00 4§00 64.90
FREQUENCY FREQUENCY
o (-]
o L]
o, o
01 « . o
f .
=4 9 v a ]
S " L ]
L‘;;‘:_’-. T bl ®
- 4 ut
jm =g (7]
a. -
-
3 \ a3
<o S s
e ; | _J°
- -
=z —
[F97.1 [=1-%
e ° <o
Ze) *t atd
el ] !
[
L] 0!
_
=4 !' a © é
o. [ € o. ¢ €
> S ; r , = y —— . -
9.00 15.00 32.00 45.00 8s.00 '0.00 18.00 32.00 4800 €4.90
FREQUENCY FREQUENCY

Figure 9cF Fast Fcurier Transform of
Data in Figure 9c

69



2,00 3.

.00

1

{DEGREFS)H

0.00

-1.
1

SKEW ANGLE
00

-2.00

.00

3

-4,09

-5.00

O
o

=

jan

3O RAD'AL SKEW

O TANGENTIAL SKEW
4082 RPM 2/7/79

0.21 MM (0.0083
REVOLUT'GN 2
0.4545 CAGE/SHAFT SPEFD RAT!Q
0.5 DEGREES M!SALIGNMENT

[N} CLEARANCE

Roller Skew, 0.21 mm Clearance

Figure 10a
Bearing, 0.50° Misalignment

70



4982 RPY 2/1/13

D 21 WR 19 3283 INY CLEARANCE

RIVALUT'SN 2

2 ? 3. 454y LABE/SAAFT SPEED RAT'S
o AP S 2 5 DLSREFS WUSALSGHUTHT
n3
L
as s 3
io’" Lo"o'
-— =
- —_
o & -
= =4
<"~:_\ &7
i el
<<
- -
— <
= =
W J x P @
=z ey .
<<
[
;321@[13& el |
=
- 4 <
22 % 02 3c 22 45 03 54.92 B 22 16 02 3.2 5.03 54 92
FREQUENCY FREQUENCY
cr o
= Py
g' @ 2 .2 [}
a ]
P :% -y @ S
- ] o q
<r r (1] P -3
I:','IZ- 21 @
< Ly
T ©
g Z
)24 s
< o -4 b
- L 0
—_ <
= =
Lr : Qo
POTH b <y
2 “2) @ T
—t . ‘14 h d y’
5] bxd »
gl L Lzl
o L » px4 W ?
T T T —7— v T T T
2N 6 99 3c 3'.‘_ 45 92 54 32 b h92 3 93_ AL, D2 64 02
FREQUENCY FREQUENCY

Figure 10aF Fast Fourier Transform of
Data in Figure 10a

71




<
>
=
<
<
<~
o
.'\:‘-.
';o
o
[T
Lo
[5eg
<
()
o
| .
S
=
L
=
{08
g
(V]
3
ca )
1
2| O@ RAD'AL SKEW
=] O TANGENT'AL SKEW
5239 RFM 2/7/73-2
- 0.2 MM (0.0083 IN} CLEARANCE
= REVOLETION °
g
' 0.4542 (AGE/SHAFT SPEFD RAT'O
9.50 DEGREFS M'SAL!ENMENT
3
-
1

Figure 10b-1 Roller Skew, 0.21 mm Clearance
Bearing, 0.50° Misalignment

72




Ge¢9d arw 271/73-2

3 21 UM 1D 3265 INY CLFAAANCE
REVOLGT'ON ¢

9 4344 (AGE/SAAFT SPEFD Ral'S
3 52 JUIRCFS WSALIGHUIES

k]

o 30

Upt

RAD'AL AMPLIT
10 3,20

2

33.97

N

L

4>

"~

TANGENT'AL PHACE
-4 9 3.9

50,890

159 6 03 32.32 45,92 54 92
FREQUENCY

92.93

s S ¢

o

L b

90 93

[+

T
16

5.09 . 3g.22 .03 54 97
FREQUENCY

J
54.22

>
<
o
©

(%)
b

(]
o

>
cY
o

22 3.3
FREQUENCY

Figure 10b-1F TFast Fourier Transform of
Data .in Figure 10b-1

73




1.00

LE (DEGREES)
0. 00

SKEW ANG
-1.00

3 -2.00

-3.00

-4,00

@ RADIAL SKEW

® TANGENTIAL SKEW
8290 RPM 2/7/79-2

0.21 MM (0.0083 IN) CLEARANCE
REVs2 RDE#1

0.4544 CAGE/SHAFT SPEED RATIO
0.5 DEBREES MISALIGNMENT

=5.00

Figure 10b-2 Roller Skew, 0.21 mm Clearance
Bearing, 0.50° Misalignment

T4




6290 BPW 2/7/73-2
} 2.21 MM €0 3283 INY CLEARANCE

I RCVE2 RDGR'
o o
< < 0.4544 CACE/SAAET SPEFD RAT'A
“ ° 2 5 DESRIES M!SALIGHuENT
L, (=3
ax -
=D -4 La_ 4
o a®
o =
S ; ~
-t
< I
t =
e Fes
T
- o
— -
= z
we a®
w -
Zcs o
=
=
S -
g 0 2 Tk ValBal Arearoia,
o T T T o T T T T "
n 92 18 09 3,20 W 54 32 3. 32 16 02 se M "5 02 54 02
FREQUENCY FREQUENCY
o o
o (]
g 3 3 o
1]
a 3
- ol
a a <
Land & lﬁ ird |
WY [l ~ 3 i
- ) "l
L [*R} H
o -
. T
32 \ [ T
P b 4
by o
RN =
= = A 3
Ldes [=T5Y
e 3 o e J.
Ze - “a ]
— y i o
A L
-~ & p o
© o
S
o L - .
? L I~ T T cr“”"‘"““' T T T 1
933 16 99 o 32 4G 02 54 230 3 22 15 90 3. 22 1~ 34 02
FREQUENCY FREQUENCY

Figure 10b-2F Fast Fourier Transform of
Data in Figure 10b-2

75



5.00

4 Q0

00

3.

2.00

.00

1
I

e

{DEGREES)

.0

f&/&xf\ﬂ?@?ﬁ ZX

-4.00

|

-5.090

N A e

O RAD!AL SKEW

O TANGENT!AL SKEW
12273 RPM 3/6/73-1
0.21 MM (0.00€3 IN)Y CLEARANCE
REVALUT!ICGN 2
0.4550 CAGE/SHAFT SPEED RAT!C
0.5 DEGREES M!'SAL!CENMENT

Figure 10c-1 Roller Skew, 0 21 mm Clearance
Bearing, 0. 500 Misalignment

76



Iy

[rd
12273 R°¢ 3/6,73-)
D 21 MY (D.038% IN CLEARANCE
RCVOLUT'ON 2
? 3.425% CAGE/SAAET SPEFD RAT'S
“ 3 5 DIGREES M'SALICRULRT
2 h
as]
=
—
-t
R
=
-
<C
=Y
<
=
-
@ Ritiy
1

54,00 ©9.37 YY)

.92 16.09 32,00 46 52,22 16 02 54.90
FREQUENCY FREQUENCY

Lad o

L] >

= b4 3

a ] S g X [
ﬁg‘ ) < SA @
L a Lo L D 3
T -3 (%)
o -<C

T
HAS oo Y
«C -n =R
s o
— <
= \ z
&3 =S| e r \
Zn - mn
€ ] h - 4 [ N
(=] I
Lyf‘

o S » 2 o o

(=] & h

(=4 * h . 2 Lol 3 ) ~ y. 2

ol> T £ T T = c|” T = T T o

9,99 16.090 32,99 46 54,00 2,20 16,00 32.02 aG 09 54 93
FREQUENCY FREQUENCY

Figure 10c¢-1F

Fast Fourier Transform of
Data in Figure 10c-1

7



{ DEGREES)

SKEW ANGLE

.00

1

.00

-3.00 -2.00 -1.00 0

-4.00

-5.00

'~

1 RAD'AL GSXEW

41 O TANGENT!AL SKEW
12273 RPM 3/6/79-1

0.2' MM (0.0083 IN) CLEARANCE
REVOLUT!ION 3

0.4550 CAGE/SHAFT SPEFD RAT!IG
0.5 DEGREFS M!SALICNMENT

Figure 10c-2 Roller Skew, (.21 mm Clearance
Bearing, 0.50° Misalignment

78



12273 RPY 5/5/73-1
0.2% MY t9 2383 INY CLFARANCE
REVOLUT!®K 3

2 2 0 4558 LAGE, SHAFT SPEED RAT'O
« “ [ D 5 DESRLFS M'SALECNULCY
Lic, <
= 4
.___’_o" ';cﬁ
- =)
| -
. -
3 i
<2 el
g = -
_Ir“ <C’
<
- o)
— <
Lo s
o -
Z eren
«C
—_ N
o & o
s M) R, ﬁ@&i a nJ ¥ ! ®, f’z .
) T —— 1 ot v T . 3
a2 ML 5¢ 32 G M) 54 )2 2 32 15 02 3¢ 22 6 02 54 02
FROQUENCT FREQUENCY
o o
P ~
. <
S
@
- T <> q )
e s
. - q
o 4 =7 F‘Q ;
<C ¢ [ @
by 8 (8]
c. <
| 4
o [
h ”T _,r';w
— <
== - o [
Caes L A G
G <o
N o, A
= - 4
&
\
b
- o
o L o
o L ol - o N
o, o
i T 7 ) 7 - — ~
In 'S 45 M2 54 22 2N t A5 02 54.22

22 PR 15,09 50,22
FREQUENCY FREQUENCTY

Figure 10c-2F Fast Fourier Transform of
Data in Figure 10c-2

79



4

L 00

3

2.00

00
B

1

(DEGREES)

0

.00
&

-1

SKEW ANCLF

~2.,00

0o

~3.
1

-4 00

-5. 00

0.0

O RAD'AL SKXEW
O TANGENTTAL SXEW
12273 RPM 3/6/,73-1
0.27 MM (0.Q083 IN) CLEARANCE
REVOLUT!ON 4
0.4550 CACE/SHAFT SPEFD RAT'Q

0.5 DECREFS M!SALICNMENT

Figure 10c-3 Roller Skew, 0.21 mm Clearance
Bearing, 0.50° Misalignment

80



33.32

43.32

3.9
;!

03

TfNGENT'AL PHASE
-4>

93 2

[T

ql
12273 RPN 3/6,78-1
0.21 MM (0.3353 IN) CLEARANCE
REVOLUT'ON 4
< 3 4352 CAGE/SHAFT SPEED RATIA
° 3 5 DCSREES MISALIGKMLKT
<
Ll
[
QO
=
=
-
%
X
|
<<
sy
<" ]
orch
o
o < 2o -V
5 99 3¢ 02 45,02 64.92 %9 32 15 92 3. 22 45,02 54 32
FREQUENCY FREQUENCY
<)
(=]
b= p X
f * f
P q
< a
S P
A 2 :’4 ﬁ y
[FE) -3
(5]
< [
'-L(l
r [ @
L o
-
- ]
L =T
<g <
| 2 ]
b L L LY L
oy 3 d .3
* 3
o
(]
" d f‘) ]
& 99 32,92 15,909 64.99 Y 15 09 32.92 15.00 54 09
FREQUENCY FREQUENCY

Figure 10c-3F Fast Fourier Transform of
Data in Figure 10c-3

81



2.00

.00

1

(DEGREES)

-1,

SKEW ANGLE
-3.00 ~2.00 00

-4.00

5.00

a0 Am B ﬂ|
0 Mo fo 0. $80. 00
GREES)

0 RAD'AL SKEW

O TANGENT!AL SKEW
12273 RPM 3/6/79-1

0.21 MM (0.0083 INY CLFARANCE
REV 5 RDG !

0.4550 CAGE/SHAFT SFEED RATIQ
5 DEGREES MISALIGNMENT

Figure 10c-4 Roller Skew, 0.21 mm Clearance
Bearing, 0.50° Misalignment

82



12258 RPW 373, TS0
Q.21 NY (3.2063 InY CLEARANCE

» REV 3 @pg 1
@ 2 0 8550 CAGE,/SAAST SPEED RAT!A
« - 5 DESREES W'SALIGNYRT
oy o
Pt S
= - L -
= QQT
p— -
p} =
g )
== . -
) a3
= > 4
e .
-
= »
— -
= I
(s e
<3 ~c” |
Zen ooy
-t
3 _ . ‘C:4 , "N s
3 % 82 R ag.n2 509 T an "% 03 PSS ng. 02 54 20
ERIQUENCY FRCQUENCY
- -
2 R ’ ISENEE Y >
] &
»
D {r3
. _ . [
-« P g <
. - q
tx:‘-:_ F 24 )
- {9y}
= Grdy 'x3
Ge » & 2 R -C
oo ;E(\
o &
- @ _}
= d e
— ¢ o -
P A -
e,y T TN
e ¢ f’c.—
<Zc" '—"_,.,
=7 e . !
>
I’ i A PN ) > ’L
L8] ] ey n
OJ & [d o_J (]
o+ . ’ . S . o -
9.32 6.0 YIRS ag D2 5432 2,23 6.0 de 02 28,03 54 92
CREQUENTY FREQUENCY

Figure 10c-4F Fast Fourier Transform of
Data in Figure 10c-4

83




4

1.00 2,00

,00

_1100

SKEW ANGL% ( DEGREES)

~2.00

M RADIAL SKEW

4 O TANGENTIAL SKEW
12273 RPM 3/6/79-1

0.21 MM (0,0083 IN) GLEARANGE

-3.00

2

- REVE RDG1

¢—

! 0.4550 CAGE/SHAFT SPEED RATIO
.5 DEGREES MISALJGNMENT

o

=

w

1

Figure 10c-5 Roller Skew, 0.21 mm Clearance
Bearing, 0.50° Misalignment

84



12273 RPN 3/5/79-1
0.2) MM 10,0063 IN) CLFARANCE

REYS RDG!
2 < 0.4550 CAGE/SHAFT SPEED RATI6
7 >
= @ 5 DEGREFS M!SALIGNMENT
w
as S
=5 uH
-— =3
| [l
E pr
<3 %
| = .
e -
-
- -~
— <
e Do
w” | <"
z o e
«C
=
o o
o 3 - o
- . e - T : r
0 02 15 00 3:.00 5. 00 4.99 009 16 02 3z 02 45 03 54 92
FREQUENCY FREQUENCY
o o
o <«
I o o,
(=] <
-]
P 3 X &
<> <y
© G C)
ﬁg- P 2 L
- ws
s ol P
=8 <t
oy
3 e s
e e T
— <
=z p -
[FY) L Qo
2° == [\
= o
<2 < 3 2
-t 3 3 l
.
(23 ] o ¢
3 \ a 3 L
o ! - .
a 2
= . ._ . — ; : - . .
0.0 15 00 3z.00 45.02 54 00 009 v6 00 32.02 45.03 84 90
FREQUENCY FREQUENCY

Figure 10c-5F Fast Fourier Transform of
Data in Figure 10c-5

85



1,00

SKE!OQNGLE (DEGREES)

-2.00

~3.00

|

-4.00

-5.00

. 9. 00

00

0 RADIAL SKEW

® TANGENTIAL SKEW
12273 RPM 3/6/79-1

0.21 MM (0,0083 IN) CLEARANCE
REV7 RL61

0.4550 CAGE/SHAFT SPEED RATIO
.5 DEGREES MISALIBNMENT

Figure 10c-6 Roller Skew, 0.21 mm Clearance
Bearing, 0.500 Misalignment

86



V2273 RPN 3/5,T79-1
0 21 WM 10.3083 IN? CLFARANCE

REVS RDG!
ird <
2 Tl 0.4550 CAGE/SAAET SPEED RAT!4
i b 5 DEGREES MISALIGNMENT
<
bl
w -
QO
-
—_
-
ol
-
<O
|
L
;O
<"
ore
. o
v, oo ‘:‘
0’09 Y 32,09 45,0 54 00 <0.92
FREQUENCY
Lxd <
> =]
= .
[~ > Y =3 -]
> T 2
<) <>
3 2
i , 21 p
-C [¥7)
jm ) (2]
o P -
T
__(J?i s
o ks
— 3 -
= =
[FETSY h [=T>%
W <
= o
<2 ¢ 2_
b 1 Y & i p
>
L 3
3 * 3 3 )
o C; [ ]
& . . S < . — . .
.09 15 09 3209 45 09 54,00 0.02 16 09 32.09 6500 54 09
FREQUENCY FREQUENCY

Figure 10c-6F Fast Fourier Transform of
Data in Figure 10c-6

87



. el
m n'n’a' 'E:l:' ol l 0
Oip  HAE & 1"
Mg o & ‘A'ir.l l"uLl:v - 4 oD l
= ':'ﬁ" B o ullul.u l’ 'li l:;.‘ i 'll "'"": u“ @ j W ‘i"
* ittt i - 11 i 1 i W !
PEERY T W (lileee & o7 B gt
0 = Ui g~ & | AN ol ot% Al /O
.’, g O l‘ Il i L"" “'"__':' 0., “.il“
[ i, g T 0 i ol .
g 1! “.L :lvll B Ilhll. ! |_;‘?" o B
< 11“1" "u
)i
O
=
o
o
=
=
(\;—
T o
No
[ W L
i
o
(@]
(W]
o
—24
i
—J
(@]
=
<o
o
=
it
7
(V)
[=
=)
.
1
S| [0 RADIAL SKEW
"4 O TANGENTIAL SKEW
4084 RPM 4/2/79-2
o 0.21 MM (0.0083 IN) CLFARANCE
- REVOLUTION 2
' 0.4532 CAGE/SHAFT SPEED RATIO
-0.5 DEGREES MISALIGNMENT
=)
o
w
1

Figure lla

Roller Skew,
Bearing, -0.50° Misalignment

88

0.21 mm Clearance



AdEA RFM 1/2/73-2

o .
» 321 MM D226 IR CLFARANCE
RCYALGT AN 2

- o

2 ? ) 1532 CAGE/SAAFT SPEFD 4T'8

~ " -0 5 DCSRLFS MISALISRUCHT
Lago, -
Qe b S
= - P 4
o] o
- =
) b
o . -
aF -
< &~

== .
._I':" <fﬂ_‘
-
- —
— <
= z .
we a®
R -’ |
=z oo
Rid
—
L 14

af #Y e : Mgt

“ Y p

o, AL T T = ot T

N IR $e 02 4G 82 54 02 D 33 K02 RIS 5492

ERLQUET‘(_’ ER"QUENCY

e o

« «©

,:'-.’, > ’ 2 T 3

[ > T
\
& p S
L
w2 3 24
v G
- [X5]
1 N Wy L
o «C L
T L

3 Wil k
< -1
= er
— -
= =
s [=TY
g 23
=z, o P
<£.’_1 i-’{
_1 1

© Lad
~ Py
3
o ixd
o, <,
1 T T J 1 T T T d
9.32 Th., 46.00 64,37 0.33 Y45.490 3e-22 16.72 54.23

'-'REQUENCY " UFREQUENCY

Figure 1laF Fast Fourier Transform of
Data in Figure lla

89



5.00

3.00 00

2.00

1.00
{

(DEGREES)

.00

~

-1.
L

SKEW ANGLE
-2.00 09

-3.00

~-4.00

~-5.00

O RAD!AL SKEW

© TANGENT'AL SKEW
6267 RPM 4/3/73-2

0.21 MM (0.0083 IN) CLEARANCE
REVOLUTION 2

0.4535 CAGE/SHAFT SPEED RAT'Q
~0.5 DEGREES MI)SAL!IGNMENT

Figure 11b-1 Roller Skew, 0.21 mm Clearance
Bearing, -0.50° Misalignment

90



s

S I

42

30

23 9

AD'AL AMPLITUDE

]
A

‘A Q2

—

S

E

PAL PHA
3.3

RAD
43 92

~Nn
vy

3. 22
FREQUENCY

>
297

.3

G4 03

?
3

'
1

SN

;-
—

y
I

o

bl

'ho02

—_—
602

Ge8T RTM 423779-2

9 21 MY (D.23383 1KY CLEARANGE

RIVOLUT'ON ¢
3. 4055 LAGE/SHAFT

SPEFD RAT'4

=0 9 DIZREIFS M'SALICNMIN

c-

22
FREQUENCY

3 3:
U

22
FREQUENCY

T
1%

22 54 90

Figure 11b-1F Fast Fourier Transform of
Data in Figure 11b-1

91



Q0

5.

00

4

.00

3

2,00

.00
!

1

{DEGREFS)

el

0,00

.09

SKEW ANGLE
-3.00 -2.00

-4.,00

.00

X ﬁff N .
_Tfﬁﬁﬁﬁg%siggﬁfv “o.o0
ANGLE

T RAD'AL SKEW
O TANGENT'AL SXEW
6267 RPM 4/3/79-1
0.21 MM (0.0083 IN) CLEARANCE
REV3 RDGI
4535 CAGE/SHAFT SPEFD RATIOQ
-.5 DEGREFS M'SALICNMENT

Figure 11b-2 Roller Skew, 0.21 mm Clearance
Bearing, -0.50° Misalignment

92




WL
a

e -

: e RRR N D et S S

& & - LAl P e ?

: : 4 a PO conco = S,

it . ——

:og Y X e

v b " 4 et

. By o B ey

- % & @+ J, S—
- = ~ Pty L
P U3 o T :
an i ..\.wnm P e v ;
R ' v ~ e AR
_..m o o nkwir ~ o g .\A,\@(‘D‘ll\uvln ! =
v, s oD . Sy I

Z T e > . '
= P T B p——— [

- - ~ O H
fgacy I s e, =5

v, | T =
Nt @ e
A oA~ oA L] - Ommaremo T T N
~N o & [ —_
m oa = at e
=3
I

v —t e
TS
?%& I I ———— e Y
- e i
< HIES e ’
= — Pl
c 5¢ 0 ar - Rk e R i
SOR) el VLIV LI

TRIGHELLS

e goe XA v
000 TalY YL LNZONY L

. Data in Figure 11b-1
93

Figure 11b-2F Fast Fourier Transform of



0o

2

1.09

1

{ DEGREES)

G;O.GO

-
4

SKEW 0%NL—)LE

a3
O

RAD VAL SKEW
TANGENT'AL SKEW
12228 RPM 473/79-1

0 2! MM (0.0083 IN: CLEARANCE

REVALUTIAN 2
0.4552 CAGE/SHAFT SPEED RAT!Q
-0,5 DEGREFS M'SALIGNMENT

9l

Figure 1lec-1 Roller Skew, 0.21 mm Clearance
Bearing, -0.50° Misalignment




jr
12225 RME As3/T3-1
D21 MM 1D 2253 INY CLEARANCT
REVOLGT'ON 2
2 2 3. 4352 CAGF/SHAFT SPEFD Rnl'H
< ° -9 5 DIGRIFS M'SALIGRNMCHT
LJO o
a=# -
= -4 o =
_ ey
bnd =
- — d
& —
= —
<3 [\
*d = -4
—_ >
-C
- —J
—_ -
= :
e -
PRI <<
Ze [=La}
ks
) N&l‘
. o A
2 quij%zxﬁxﬁhawﬁfiﬁhsag o W ‘
o -y n —— ot T T Wﬁ'ﬂc’%&.
D 93 'S 0o FARE 1 92 54,32 2 32 6 03 3. 32 a5 0 54 92
FREQUENCY FREQUENCY
o o
~> ~
- Y
o m -1
5 3
€y a (o] i
3 a
[r]
ta 1.3 4 o~
T ~
<C |
- b )
[ = q i
. A
I [P
< -da q i d
= e
- -C
=z _
e \ Q>
e T3 3
2o } “a
[ L ] L »
¢
© o
> ) ° .
[=3 ol o
o ; s = - L
9.22 16,09 32.92 45,02 84,02 9.3) 16.02 3¢ 32 AT 99 64 27
FREQUENCY FREQUENCY

Figure 1lc-1F Fast Fourier Transform of
Data in Figure llc-1

95



2

1.00

DEGREES)

{
.00
2

.00

-3

SKEW ANCLE
-4.00 -3.00 -2.00

5.00

bl AN AR R

E)0

ERAE T 20,00y 150,087 %0, é&gp o, T&gé P 0. 00

ANGLE (DECREBES)

0 RAD'AL SKEW

O TANGENTIAL SXEW
12226 RPM 4/3/73-2

0.21 MM (0.0083 IN) CLEARANCE
REV#3 RDG®!

0.4552 CAGE/SHAFT SPEFD RAT!C
-0.5 DEGREES M!SALIGNMENT

Figure 1llc-2 Roller Skew, 0.21 mm Clearance
Bearing, -0.50° Misalignment

96



12228 RPY 4/3/13-2
0.2! MM 10 0083 INY CLFARANCE
REVS3 RDGs!

2 5 0.4552 CAGL/SAAET SPEFD RAT'S
i s -0 5 DEGREES M'SALIGKUENT
g I3
20"1 '5’0'1
p— oD
] [
g S
[
= -]
<°
p |
. -
;CD
<.
e
<
o ¥ ca
o y T :
a9 0.02 15 00 3¢.02 A3 22 54 02
FREQUENCY
o o
> ﬂ
f.;_ L2
= o 3 - 4
[N >
3 3
<) 4 . o -3
o 5 L=
w2 <
< L D
T ] )
o ’ <<
.
48 =8 |
:tn':' —lc_"T'J
— = A
= -
Wwies Qe L
[S-X 23 3
=z o
<2 L 2 p
—_ [ L
u‘ b
J L
o e
P L o L
D ol «©
< T T T J i r T T v
3 32 A Q2 3e 32 a5. 02 54 00 3 C2 A 02 3e 32 . 45 02 514 52
FREQUENCY FREQUENCY

Figure 1lc-2F Fast Fourier Transform of
Data in Figure 1llc-2

97



2.

I.00

1

(DEGREES)

Afe_p jhmm

CFQ.OO

.00

=1
L

SKEW ANGLE

-2.00

00

-4.00 —?.

.00

Fod" &g 150 2a0\F0 300,00
ANCLF DEG EFS)

O RAD'AL SKXEW

O TANGENT'AL SXEW
12228 RPM 4/3/79-2

0,217 MM (0.0063 IN) CLEARANCE
REV#4 RDG#?

0.4552 CAGE/SHAFT SPEED RAT'Q
-0.5% DEGREES M!SAUIGNMENT

Figure 1llc-3 Roller Skew, 0.21 mm Clearance
Bearing, -0.50° Misalignment

98

3‘0 00



12225 RPY 4/3/79-2
0.21 MY £0.0083 IN) CLEARANCE

REVE4 RDG#!
0.4552 CAGE/SHAFT SPEED RAT!S
-0.% DEGREES MISALIGNVENT

0,40

0,30

X

0,20

AD!AL AMPLITUDE

.10
L

R
3

(£ o
> 3
oa > =
= 3 I' "] o P
p 4 3
q :ﬂ ?; P
o > @ 4 o P
= 1 S| e
w2t @ o P
27111 ﬁ , w |
= w
o - »
a2 P ¢
=%k ¢ e I , é
— <
=z Y —_
Lies S Ao
Zo =z || |
Zn 3 3 T 4
- ] > -
-1 h 1
o

< gk 9§ . & &6 €
© e >
eyl | s
o d ] © h o
S . . . , @ . Y ? - .
8.00 16.00 3z.00 48.00 64.00 0.09 18.00 32.00 45.03 64.09

FREQUENCY FREQUENCY

Figure llc-3F Fast Fourier Transform of
Data in Figure 1llc-3

99



Table I

Roller Bearing Specifilcatlions

ITnner Race

Bore Dia. mm (
Raceway Dia. mm (
Flange Dia. mm (in)
Width mm (
Groove Width mm (
Flange Angle

Outer Race

Quter Dia. mm (
Raceway Dia. mm (in
Width mm (i

Rollers

Diameter

Length - overall
effective
flat

Crown Radius

End Radius

Number

Cage
Land Dia.

mm
mm
mm

Axial Pocket Clearance
Tangential Pocket Clearance mm (in)

Single Rall Width

Clearance

ITNSTN TN TN TN

in)
in)
in)
in)
in)

mm (in)
mm (in)

mm (in)

Serilal No. A2284 mm (in)
Serial No, A2279 mm (in)

100

118

131.66

137.47
26~92
14,59

0 degree

164,49
157.08
23.9

12.65
14.56
13.04
8.40
622.3
inf.
28

137.95
.020
221

4.6

0.18
0.21

(

(4.6457)
(5.1834)
(5.4122)
(1.060)

( .5746)

NN

o\ Oy
L[] - L]
\O M =
= 00—
N =0
~r O

S~ s

.4979)
.5733)
.5133)
.3307)
4.5)

R S S

(5.4312)
( .0008)
( .0087)
( .18)

(0.0073)
(0.0083)



Table 2. - Summary of Test Conditions and Data
[PWA 541043}

(a) Serial No. A2284 - 0.18 mm (0.0073 in.) Clearance

Misalignment Speed Case Exact Speed Date, Film Cage to Shaft %
Degrees RPM Figure RPM Set Speed Ratio Slip
0 4000 4a 4 055 4/19/79-1 0.4537 0.6 Rev 2 Rdg 2
0 8000 4b 8 229 4/30/79-1 0.4545 0.4 Rev 1
0 12000 4c 12 16l 4/30/79-2 0.4493 1.5 Rdg 3
0.25 4000 5a 4 135 6/1/79-2 0.4529 0.7 Rev 1 Starts 57°
0.25 8000 5b-1 8 169 5/31/79-1 0.4531 0.7 Rev 1 Starts 12°
5b-2 8 169 5/31/79-1 0.4531 0.7 Rev 2 Rdg 2
0.25 12000 5c-1 12 346 6/1/79-2 0.4538 0.5 Rev 1 Rdg 1
5¢-2 12 346 6/1/79-1 0.4541 0.5 Rev 2
0.5 4000 6a 4 020 6/8/79-1 Rev 1 Rdg 1
0.5 ° 8000 6b-1 8 137 6/8/79-2 0.4545 0.4 Rev Starts 193°
6b-2 8 137 6/8/79-2 0.4545 0.4 Rev Starts 09, inc.
'—l
S 0.5 12000 6c-1 12 238 6/8/79-3 0.4557 0.1 Rev 1
6c-2 12 238 6/8/79-3 0.4557 0.1 Rev 2 Rdg 1
6c-3 12 238 6/8/79-3 0.4541 0.5 Rev 3 Rdg 1
-0.5 4000 7a-1 4 247 6/11/79-~2 0.4541 0.5 Rev 1l
T7a-2 4 247 6/11/79-2 0.4541 0.5 Rev 2 Rdg 1
-0.5 8000 7b-1 8 390 8/6/79-2 0.4545 0.4 Rev 1 Rdg 1
7b-2 8 390 8/6/79-2 0.4545 0.4 Rev 2 Rdg 1
-0.5 12000 7c-1 12 181 6/11/79-4 0.4547 0.3 Rev 1 Starts 114°
7c-2 12 181 6/11/79-4 0.4547 0.3 Rev 2 Rdg 1



201

Table 2. - Summary of Test Conditions and Data
[PWA 5410431

(b) Serial No. A2279 - 0.2]1 mm (0.0083 in.) Clearance

Misalignment Speed Case Exact Speed Date, Film Cage to Shaft %
Degrees RPM Figure RPM Set Speed Ratio Slip
0 4000 8a 4 000 1/23/79-1 0.4537 0.6 Rev 2 Rdg 2
0 8000 8b 8 136 3/27/79-2 0.4521 0.9 Rev 2 After
0.5 misaligned
0 12000 8c 12 113 1/23/79~3 0.4524 0.8 Rev 1 Rdg 2
0.25 4000 9a 4 029 1/29/79-1 0.4540 0.5 Rev 2
0.25 8000 9b 8 119 1/25/79-2 0.4517 1.0 Rev 1 Rdg 1
0.25 12000 9¢ 12 127 1/26/79-1 0.4525 0.8 Rev 2 Rdg 2
0.5 4000 10a 4 082 2/7/79-1 0.4545 0.4 Rev 2
0.5 8000 10b-1 8 290 2/7/79-2 0.4544 0.4 Rev 1
10b-2 8 290 2/7/79-2 0.4544 0.4 Rev 2 Rdg 1
0.5 12000 10c-1 12 273 3/6/79-1 0.4550 0.3 Rev 2
10c-2 12 273 3/6/79-1 0.4550 0.3 Rev 3
10c-3 12 273 3/6/79-1 0.4550 0.3 Rev 4
10c-4 12 273 3/6/79-2 0.4549 0.3 Rev 5
10c-5 12 273 3/6/79-2 0.4549 0.3 Rev 6
10c-6 12 273 3/6/79-2 0.4549 0.3 Rev 7
-0.5 4000 lla 4 084 4/2/79-2 0.4532 0.7 Rev 2
-0.5 8000 1ib-1 8 267 4/3/79-2 0.4535 0.8 Rev 2
11b-~2 8 267 4/3/79-2 0.4535 0.8 Rev 3
-0.5 12000 11¢-1 12 228 4/3/79-1 0.4552 0.2 Rev 2
1lc-2 12 228 4/3/79-1 0.4552 0.2 Rev 3
11lc-3 12 228 4/3/79~1 0.4552 0.2 Rev 4
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